Vogler GP, McClearn GE. Blood pressure and heart rate QTL in mice of the B6/D2 lineage: sex differences and environmental influences. Physiol Genomics 36: 158-166, 2009. First published December 9, 2008 doi:10.1152/physiolgenomics.00035.2008.-A quantitative trait locus (QTL) approach was used to define the genetic architecture underlying variation in systolic blood pressure (SBP) and heart rate (HR), measured indirectly on seven occasions by the tail cuff procedure. The tests were conducted in 395 F 2 adult mice (197 males, 198 females) derived from a cross of the C57BL/6J (B6) and DBA/2J (D2) strains and in 22 BXD recombinant-inbred (RI) strains. Interval mapping of F2 data for the first 5 days of measurement nominated one statistically significant and one suggestive QTL for SBP on chromosomes (Chr) 4 and 14, respectively, and two statistically significant QTL for HR on Chr 1 (which was specific to female mice) and Chr 5. New suggestive QTL emerged for SBP on Chr 3 (female-specific) and 8 and for HR on Chr 11 for measurements recorded several weeks after mice had undergone stressful blood sampling procedures. The two statistically significant HR QTL were confirmed by analyses of BXD RI strain means. Male and female F2 mice did not differ in SBP or HR but RI strain analyses showed pronounced strain-by-sex interactions and a negative genetic correlation between the two measures in both sexes. Evidence for a role for mitochondrial DNA was found for both HR and SBP. QTL for HR and SBP may differ in males and females and may be sensitive to different environmental contexts. quantitative trait locus; sex specificity; stress HUMAN ESSENTIAL HYPERTENSION, evidenced by persistent elevated systolic or diastolic blood pressure, is a highly prevalent complex disease (33) long known to be regulated by a polygenic system (20, 32). In the preclinical arena, Schlager and colleagues' (47-52) pioneering studies in laboratory mice amply confirmed the multigenic control of systolic blood pressure (SBP) and explored its genetic architecture.
quantitative trait locus; sex specificity; stress HUMAN ESSENTIAL HYPERTENSION, evidenced by persistent elevated systolic or diastolic blood pressure, is a highly prevalent complex disease (33) long known to be regulated by a polygenic system (20, 32) . In the preclinical arena, Schlager and colleagues' (47) (48) (49) (50) (51) (52) pioneering studies in laboratory mice amply confirmed the multigenic control of systolic blood pressure (SBP) and explored its genetic architecture.
Despite this background of quantitative genetic work on blood pressure (BP) in mice, attempts to describe the polygenic system underlying BP, identify its individual elements, via the quantitative trait locus (QTL) approach in animal models have mainly focused on crosses between several well-known hypertensive rat strains and normotensive controls (41) . In part, the choice of species for these studies was directed by the extensive use of hypertensive rat strains in research before the beginning of the QTL era and the large body of research on these models. In any case, the research has been highly successful. All rat chromosomes have been associated with BP QTL (http://rgd.mcw.edu), and important progress has been made in fine-mapping of QTL regions (16, 24, 31, 36, 37, 46) .
The genomic and technical resources available for study of the mouse genome still emphasize the great opportunities for cardiovascular research in this species, and an important beginning has been made with QTL studies. Crosses between inbred mouse strains have shown variation in SBP to be associated with Chr 1, 4, 5, 6, 7, 10, 11, 13, 15, and 16 (14, 60, 61, 74, 75) . Strain variation in heart rate (HR) was reported many years ago (5) , and QTL have also been identified that influence HR in mice, rat and human studies (23, 29, 56, 61) .
The background of QTL research on the rat is a great advantage to analogous studies in mice. The degree of homology between rat and mouse genomes is the greatest among species commonly used in the laboratory (17, 28, 55) , which permits information obtained from QTL studies in one species to inform research on the other. Examination of interspecific homologies is also likely to be helpful to attempts to map genes relevant to hypertension in humans where large-scale studies have often found it difficult to establish definitive linkage (22, 38, 40) and where factors such as antihypertensive therapy are suspected of interfering with the relationship between genotype and phenotype (12) .
The present study, which is part of an analysis of a large number of behavioral, physiological, morphological, and pathological phenotypes, seeks to identify QTL affecting cardiovascular function in the C57BL/6J (B6) ϫ DBA/2J (D2) lineage. Characterization of cardiovascular function in both a B6D2 intercross and BXD recombinant-inbred (RI) strains (66, 67) provided the opportunity for the genetic architecture underlying the various traits to be compared and contrasted in two different mapping populations with complementary strengths. The increasing sophistication of databases permitted comparison of genome sequence on both parental strains (59) .
MATERIALS AND METHODS

Animals.
The animals used for SBP and HR measurements were subjects of a large cross-sectional study of biobehavioral, physiological, and morphological measures. All procedures were approved by the Pennsylvania State University Institutional Animal Care and Use Committee. C57BL/6J (B6) and DBA/2J (D2) mice and 23 of the derivative BXD RI strains were obtained from The Jackson Laboratory, derived by cesarean section into the barrier facility at the Center for Developmental and Health Genetics at Penn State University and raised by Swiss foster mothers. After establishment of the breeding colony, a 400-animal B6D2F 2 intercross was generated in four birth cohorts of ϳ100 mice each at 1-mo intervals. Each birth cohort of B6D2F 2 was generated with an approximately equal number of four possible mating types of F1 mice i.e., B6D2ϫB6D2, B6D2ϫD2B6, D2B6ϫB6D2, and D2B6ϫD2B6 where the first animal in the mating combinations is a female: for example, D2B6 denotes an F 1 animal derived from the mating of a D2 female and B6 male, and B6D2 is the offspring of a B6 female and a D2 male, etc. This mating plan permitted the origin of the Y chromosome (F 2 males) and mitochondrial DNA to be specified. Four hundred F2 mice born to 50 primiparous females (range 8 -13 pups per litter) were weaned for the study. A total of 198 females and 197 males were tested in the BP protocol. Mice of the BXD RI strains were weaned from both primiparous and multiparous females (range 2-12 pups/litter). The BXD study design called for 12 males and 12 females from each strain. Early death reduced the number of animals in some strains, or required additional breeding (BXD13). All animals were housed in groups of 4 of the same sex per cage at room temperature (20.5-22°C) on a 12/12 h light-dark cycle and fed ad libitum with sterilized Purina 5010 (designed to be nutritionally equivalent to Purina 5001 after sterilization).
BP schedule. SBP and HR were measured from F 2 animals on seven separate measurement occasions (four consecutive daily tests beginning at 115 days Ϯ 2 wk, another test 1 wk later, then twice more at ϳ4 wk intervals; Fig. 1 ). RI mice were measured on five separate occasions (four consecutive daily tests and once the following week). Test groups consisted of 12-16 animals equally divided by sex. The week after the first four BP measurements, a battery of behavioral and physiological measurements was initiated (noninvasive activity tests and urine collections preceded the fifth BP test by 48 h); 4 -6 h after the BP measurement, animals were warmed and placed in a restrainer, and a blood sample was taken by tail-nick. This sequence of measurements was repeated at 4 wk intervals in tandem with BP measurements 6 and 7. Thus, BP and HR #1-5 preceded the first blood collection procedure, and BP #6 and 7 were each assessed 4 wk after a blood collection procedure. Figure 1 illustrates the study design.
BP. The Visitech BP system (BP-2000, Visitech Systems, Apex, NC) was used to obtain measures of SBP and HR. Mice were guided into metal tunnels (the apparatus has four identical positions available) resting on a warmed surface. After we fitted an inflatable tail-cuff around its tail we restrained the mouse by taping its tail to the detector platform. We detected peripheral pulse by directing an infra-red light through the tail and measuring the changes resulting from the amount of blood between the light source and a photoelectric sensor. Mice were placed in the apparatus in groups of four animals of the same sex from a single cage. Cages of males and females were alternated throughout the test procedure.
On each measurement occasion, we placed the four animals in the restrainers at 37.8°C for 6 min before initiating the first measurement cycle. HR represented a 70-beat sample taken before the beginning of each cuff inflation cycle. SBP was the instantaneous reading of cuff pressure taken at the reappearance of the tail pulse during the deflation phase of each inflation-deflation cycle. Eight measurements of SBP and HR were then taken at 20-to 30-s intervals. The data were saved to a computer disk after each 8-trial block was completed. The 8-trial cycle was repeated twice more for a total of 24 measures per daily test. A complete set of measures for F2 mice was therefore 7 ϫ 3 ϭ 21, and for RIs 5 ϫ 3 ϭ 15, 8-trial blocks. Persistent struggling or escapes from the restrainer were recorded after each 8-trial block.
Molecular markers. The F2 mice were genotyped with 96 microsatellite markers spaced at ϳ15-to 20-cM intervals throughout the genome (68) . We selected 622 microsatellite markers for use with the BXD RI (73) .
Data analysis. Means of SBP and HR were calculated for each 8-trial block for each mouse. If all readings were satisfactory (readings were discarded if animals struggled in the restrainer) there were means of SBP and HR available for the 21 8-trial blocks for each F2 animal and 15 8-trial blocks for each RI and parental strain mouse. Data from BXD13 were excluded because this strain was vulnerable to seizures. Standard data analyses were conducted using the SPSS 11.0 software package (SPSS, Chicago, IL). Unless otherwise stated, a two-tailed alpha of 0.05 was used to determine statistical significance. The results of analyses of variance are reported with F values, the associated degrees of freedom and the probability (nominally, P Ͻ 0.05, 0.01, 0.001).
Linkage analysis. Interval mapping (IM) analysis and a genomewide scan for epistatic interactions between all pairs of autosomal markers in the B6D2F2 intercross were carried out using the J/qtl and R/qtl packages (7). Sex was included as a covariate. Thresholds of statistical significance in IM were determined for each trait from 1,000 permutations (10). Significant epistatic interactions were identified if they exceeded thresholds of 9.1, 7.1, 6.3, 6.3, and 3.3 LOD for the full, conditional-interactive, interaction, additive, and conditionaladditive models, respectively. These thresholds (http://www.rqtl.org/ tutorials/new_summary_scantwo.pdf) have been obtained for an F2 intercross via 10,000 simulations by the developers of Rqtl (7). Sex, suggestive, or significant QTL and epistatic interactions were included in a multiple-regression model for each trait. Individual Fig. 1 . Study design for F2 mice was initiated at 115 days Ϯ 2 wk. Phenotypic measurements listed during week 1 (Behavior -Blood collection) were repeated during weeks when 6th and 7th blood pressure measurements (BP 6 and BP 7 ) were assessed.
terms were dropped by backward elimination until all terms of the model were significant at P Ͻ 0.05. The effect of mitochondrial DNA was evaluated by analysis of variance using grandmaternal origin of F 2 mice (i.e., originating in B6 or D2 females) as the group identifier.
To explore the genes in the QTL regions and polymorphisms between the C57BL/6J and DBA/2J strains and to assess mouse/rat homology, a variety of database tools was used (www.ncbi.nlm.nih. gov/, http://rgd.mcw.edu/, http://ratmap.org/, http://www.ensembl.org).
Single nucleotide polymorphism analysis. Genes with nonsynonymous single nucleotide ploymorphisms (SNPs) were subjected to assessment of possible impact of amino acid substitution on the phenotype between B6 and D2 strains. Sequence of amino acids was obtained from Ensemble database (www.ensembl.org/Mus_musculus) and analyzed by PolyPhen software (http://genetics.bwh.harvard.edu/) (39) . PolyPhen issues four predictions for the effects of nonsynonymous SNPs: 1) probably damaging (implicates high confidence for the variation to affect protein function), 2) possibly damaging (supposed to affect protein function or structure), 3) benign (most likely lacking any effect), and 4) unknown (typically due to the lack of data to make a prediction). The first three types of prediction have been encountered in our analysis. Genes falling within the first two categories of prediction have been further screened for their expression in heart, kidney, vascular/smooth muscle tissue by means of GEO database (www.ncbi.nlm.nih.gov/geo/).
RESULTS
Individual animal SBP and HR means were calculated for 1) the first 5 days of measurement (SBP [1] [2] [3] [4] [5] , HR [1] [2] [3] [4] [5] ) before animals were exposed to the first blood collection procedure, and 2) the sixth and seventh days of measurement (SBP 6,7 , HR 6,7 ; Fig. 1 ), which were each obtained ϳ1 mo after blood collection after BP measures 5 and 6, respectively (see MATE-RIALS AND METHODS and Fig. 1 ). Evidence that exposure to blood collection procedures influenced response to the BP restrainer among F 2 s was that struggling showed a significant increase in trials 6 and 7 compared with trials 1-5 (nonparametric Friedman's test, P Ͻ 0.001): mice were 3.5-fold more likely to struggle during trials 6 and 7 than during 1-5. HR for the combined group of males and females was normally distributed. SBP was positively skewed and was normalized with a logarithmic transformation. SBP 1-5 was higher in D2 mice (F 1,48 ϭ 12.5, P Ͻ 0.001) largely due to the higher SBP of D2 males (sex-by-strain interaction, F 1,48 ϭ 8.6, P Ͻ 0.005; Table 1 ). There was also a strain-by-sex interaction for HR [1] [2] [3] [4] [5] (F 1,48 ϭ 13.5, P Ͻ 0.001) with D2 males having higher HR than B6 males, the reverse being true for females.
There was no sex difference in SBP or HR in the F 2 data on either measurement occasion (F values Ͻ1). However, repeatedmeasures analysis found SBP 6, 7 was significantly lower than SBP 1-5 (F 1,378 ϭ 14.9, P Ͻ 0.001: Table 1 ). Body weight was ϳ10 g heavier in males than females (39.0 Ϯ 0.34 vs. 29.2 Ϯ 0.34 g, P Ͻ 0.001). The small negative correlation between body weight and BP in males (r ϭ Ϫ0.23, P Ͻ 0.001) was the only statistically significant relationship of cardiovascular function to body weight.
IM and epistatic interactions. QTL affecting SBP and HR traits are summarized in Table 2 . There was no effect of the Y chromosome (see Animals, above) on either SBP or HR. Combined genetic effects accounted for 6.9% of phenotypic variance of SBP [1] [2] [3] [4] [5] , 13.6% of SBP 6,7 , 17.6% of HR [1] [2] [3] [4] [5] , and 15.1% of HR 6, 7 . Two of the QTL were female-specific ( Table  2 ). It is noteworthy that the three QTL that were statistically significant during the first five measurements retained their significance during the sixth and seventh measures. However, this was not true of the QTL that satisfied only the suggestive level of significance during the first five measures. During the sixth and seventh measurements, which were obtained in each case ϳ4 wk after invasive procedures for blood-sampling, three suggestive QTL (two for SBP, one for HR) were found that had not been seen in analyses of the first five measurements. In addition to evidence from frequency of struggling (see above) that the aversiveness of the procedure may have increased, "r" between measurements 1-5 and 6 and 7 of both SBP and HR were modest (SBP 0.247, HR 0.465; both Ps Ͻ0.001) consistent with the idea that control of the two variables differed across measurement occasions. Additional evidence that the two HR measures were differentially controlled was the finding that B6 mitochondrial DNA was associated with increased HR 6, 7 but not with HR [1] [2] [3] [4] [5] (mitochondrial DNA by measurement occasion, F 1,342 ϭ 17.6, P Ͻ 0.001): mice with B6 mitochondrial DNA had faster HR 6, 7 (means Ϯ SE ϭ 594.3, Ϯ 4.4) than D2 (575.3 Ϯ 4.6), compared with the lack of a significant difference for HR [1] [2] [3] [4] [5] (B6, 584.4 Ϯ 3.7; D2, 590.6 Ϯ 3.8, not significant) The opposite finding (between measurements 1-5 and 6 & 7) was noted for the same interaction term for SBP (F 1,370 ϭ 4.2, P Ͻ 0.04) where mice with B6 mitochondrial DNA had higher SBP [1] [2] [3] [4] [5] (B6, 118.9 Ϯ 0.7; D2, 115.7 Ϯ 0.7) with no difference between the two groups on SBP 6, 7 .(B6, 115.3 Ϯ 0.76; D2, 114.7 Ϯ 0.75). Search for epistatic interactions identified an interaction between D1Mit87 and D5Mit10 affecting HR [1] [2] [3] [4] [5] and an interaction between D10Mit117 and D13Mit230 affecting HR 6, 7 . Neither of these interactions, however, were retained in the regression model, suggesting their limited influence on the phenotypes.
Verification in BXD RIs. The RI analyses did not reveal any QTL that satisfied the threshold for a whole genome scan. Statistically significant QTL identified in the F 2 intercross (Bpq10, Hrq4, and Hrq5) were submitted to the RI panel for confirmation in the following manner. Using the F 2 QTL plots, we identified RI markers closest to the F 2 QTL peaks. Single marker regression analyses were then conducted for each phenotype in males and females. In each case, a directional prediction from the F 2 data regarding the allele associated with increased SBP or HR pointed to the appropriateness of a one-tailed test. In this manner the Hrq5 locus (D5Mit10; P Ͻ 0.0243 and P Ͻ 0.0198) was verified in females and males, respectively. For the Hrq4 locus marker D1Mit106 was within a 1.5-LOD drop-off interval and was significant at P ϭ 0.021 in females. It has to be noted that these levels of significance do not match criteria of confirmation described by Lander and Kruglyak (27) . SNP analysis. Extensive SNP analysis was applied to the Bpq10 locus on Chr 4, which was found in the present study and is concordant with the previously identified blood pressure loci Bpq3 and Abbp2 in the A/B6 lineage (60, 74) . The B6 allele conferred higher BP at all three loci. Concordance of the loci and allelic effect suggest involvement of the same gene. We used the mouse SNP database (www.ncbi.nlm.gov) to search for nonsynonymous SNPs between the B6 and D2 / A/J strains within the 1.5-LOD support interval (ϳ1-73,000,000 bp) on Chr 4. There were 33 SNPs found in 20 genes of the region with alleles shared between the A/J and D2 strains but distinct in the B6 strain (Supplemental Fig. S1 ). 1 Variants of the following genes were predicted (see MATERIALS AND METHODS) to have probably damaging effects: E130016E03Rik, expressed in heart (GDS2614), embryonic kidney (GDS1583), smooth muscle cells (GDS799); B230312A22Rik, expressed in embryonic kidney (GDS1583), heart (GDS2304), aortic smooth muscle cells (GDS2704); Nipsnap3a, expressed in heart (GDS1228), aortic smooth muscle cells (GDS2704), kidney (GDS1583). The following variants are predicted to be possibly damaging: Tln1, expressed in heart (GDS2614, GDS1228), embryonic kidney (GDS1748), aortic smooth muscle (GDS2704); Mdn1, expressed in heart (GDS1228), embryonic kidney (GDS1583), smooth muscle cells (GDS799); Ltb4dh, expressed in heart (GDS1080, GDS2727), embryonic kidney (GDS1583), aortic smooth muscle (GDS2704). For the rest of the genes variation was predicted to be benign.
SNP analysis of Hrq4 and Hrq5 was focused on promising candidates among the genes exhibiting SNPs between B6 and D2 in the relevant genomic regions (Hrq4 region, 122/674 genes of which 82 were annotated; Hrq5 region, 48/420, of which 27 were annotated). For Hrq4, SNPs in the Chrng gene (nicotinic cholinergic receptor may modify autonomic regulation of heart rate), Mybph (myosin binding protein, expressed in the chicken cardiac conduction system) (1), and Cav1.1 (L-type calcium channel gene, potentially involved in cardiac excitation contraction coupling and discussed later in relation to its potential role in sex differences in cardiac function) were examined. One SNP in the Chrng gene was predicted to be possibly damaging. Those in other genes were considered benign. For Hrq5, an interesting candidate is Adrbk2 (␤-adrenergic receptor kinase 2 with potential influence on HR) (6) . It has three nonsynonymous SNPs between the B6 and D2 strains. All were predicted benign. Aside from alterations in protein structure and function, variation at QTL could be related to differences in gene expression between B6 and D2 variants. Exploration of potential differences in tissue expression in the many genes within the various QTL intervals were beyond the scope of the present investigation but could be profitably explored in future studies.
Cross-species comparison of cardiovascular QTL and candidate genes. Each of the statistically significant SBP and HR QTL found in the present experiment was compared with previous studies in the laboratory rat (http://rgd.mcw.edu/). Overlaps between QTL in the present study, previously identified mouse QTL and QTL in homologous regions of the rat and human genome may be inspected in Table 3 . There was overlap with QTL in homologous regions of the rat and human genomes for the Chr 4 SBP QTL but for neither of the HR QTL identified in this study. The QTL confidence intervals in all three species are large and do not appreciably reduce the genomic regions (and therefore the number of genes) for scrutiny.
For the eight annotated genes identified as potential candidates (see above) for Bpq10 and Hrq4 and 5, search was made for their role as candidates in human and rat hypertension and heart rate control (http://rgd.mcw.edu/). None of the genes has been proposed as candidates in these two species, although in two instances (Mybpc3 and Adrbk1), genes in related functional pathways have been implicated (8, 35) .
Analysis of RI strain data. HR 1-5 was normally distributed across RI strains. SBP [1] [2] [3] [4] [5] was positively but modestly skewed. Analysis of variance of SBP [1] [2] [3] [4] [5] (log transformed) revealed a statistically significant effect of strain (F, 21,470 ϭ 7.7, P Ͻ 0.001), no sex difference, but a statistically significant strain by 1 The online version of this article contains supplemental material. b genome-wide threshold was determined by 1,000 permutations; *Significant (P Ͻ 0.05) and †highly significant (P Ͻ 0.01) QTL, otherwise suggestive. Where QTL were statistically significant in both 1-5 and 6,7 measures, the measure with the highest level of significance is entered in the table.
c Percentage of phenotypic variance accounted for by QTL was obtained for the terms that were retained in the regression model. d Mode of the QTL effect was determined via t-test between marker classes: Dom, homozygous for the increasing allele significantly greater than homozygous for the decreasing allele but not different from heterozygous; Rec, homozygous for the increasing allele significantly greater than heterozygous and homozygous for the decreasing allele; Add/Rec, homozygous for the increasing allele significantly greater than heterozygous or homozygous for the decreasing allele. In case of female-specific QTL ( F ), mode of effect was examined in females only. sex interaction (F, 21,470 ϭ 2.7, P Ͻ 0.001). SBP 1-5 ranged from ϳ115 mmHg (BXD2, 8, 14) to 140 mmHg (BXD34). Males and females had similar SBP levels in most strains but differed in specific strains in different directions (BXD28 males, 18 mmHg higher than females; BXD22 females, 12 mmHg higher than males; Fig. 2A ).
For HR [1] [2] [3] [4] [5] , there were statistically significant effects of strain (F, 21, 468 ϭ 15.6, P Ͻ 0.0001), sex (F, 1,468 ϭ 72.7, P Ͻ 0.0001), and a statistically significant interaction between strain and sex (F, 21, 468 ϭ 4.1, P Ͻ 0.0001). BXD8 and 16 had HR approaching 640 beats per minute (bpm), while BXD19 and 40 had HR that was ϳ100 bpm slower. Although males had faster HR overall the sex difference was strain dependent. The sex-by-strain interactions are depicted in Fig. 2B . Approximately eight strains showed no tendency to sex differences in HR, but the remaining strains tended to exhibit higher HR in males with the sex difference reaching from 60 to 100 bpm in specific strains (e.g., BXD29, 32).
Analysis of variance was used to estimate narrow sense heritability of cardiovascular function from between strain (RI) and total sum of squares ( Table 4 ). The results suggest that the proportion of total variance in cardiovascular function accounted for by between-strain variation in the BXD RIs was substantial in both males and females. Estimates for HR [1] [2] [3] [4] [5] were somewhat higher than those for SBP [1] [2] [3] [4] [5] . Phenotypic correlations between SBP 1-5 and HR 1-5 for male and female RI mice were Ϫ0.259 and Ϫ0.254, respectively (P Ͻ 0.001). Genetic correlations (4) were also calculated from strain means: a significant negative genetic correlation between mean HR and mean SBP was found within both males and females (Table 5 ). Male and female means were moderately positively correlated for HR and SBP, indicating the existence of common genetic factors for males and females. (61) . In some studies, BP of mice and rats were measured after animals had been exposed to a high-salt diet. 
DISCUSSION
The present study has identified five chromosomal regions containing allelic variants that influence mean SBP and HR during the first five measurement sessions. The two HR QTL (with the largest effect sizes of all QTL: Table 2 ) were verified by BXD RI-QTL analyses. The relatively small number of RI strains used (22) limited power for verification of QTL with small effect. In addition, QTL that reflect the action of more than one gene (in F 2 analyses) may be disrupted in RI studies because of the multiple opportunities for recombination that occur during inbreeding of RIs. Nonsyntenic association (73) among different regions of the genome, which contain QTL, may also interfere with detection, a problem that is likely to be pronounced when only a small number of RI strains are studied. In any case, the proportion of QTL verified by RI analysis in this study approximates previous F 2 /RI simulations and empirical comparisons (2, 65) .
In addition to the QTL that contributed to variation in SBP and HR during the first five measurement sessions, three other suggestive QTL were discovered (SBP, Chr 3 and 8; HR, Chr 11) to influence the sixth and seventh measurements. Incidence of struggling during BP measurement increased significantly on the sixth and seventh measurement occasions, compared with the level observed during the first five measurements, a finding consistent with the hypothesis that mice had learned to associate handling and restraint with the invasive procedure of blood collection that had taken place 1 mo before both measurement occasions (Fig. 1) . Mitochondrial DNA also influenced both SBP and HR differentially in a measurement-specific manner (1-5 vs. 6 and 7). We hypothesize that associations with these invasive procedures activated stress-sensitive biological systems with the capacity to influence cardiovascular function and that allelic differences between B6 and D2 contributed to their variability. It cannot be ruled out, however, that the altered genetic architecture could also be related to age-related changes and/or repeated cardiovascular measurements on the same animals over a 2 mo period. In general, these findings draw attention to the potential of QTL studies of cardiovascular function to incorporate manipulations, which may reveal the influence of novel variants (58) . The widely held belief that stress contributes to cardiovascular disease in humans is a powerful reason to carry out additional QTL studies of cardiovascular function incorporating controlled stressors.
Bpq10 on proximal mouse Chr 4 is in the same chromosomal region as Bpq3 previously reported by Sugiyama et al. (60) and Abbp2 by Woo and Kurtz (74) in crosses between A/J and B6 strains. In all three studies, the B6 allele was associated with higher SBP. The Sugiyama et al. study was restricted to male offspring that had been exposed to 1% NaCl for 2 wk. However, the study by Woo and Kurtz (74) and the present study used both male and female subjects, which received no addition of NaCl to their drinking water and ate standard diets. If there is a gene in common to these different reports, it exerts its influence on both males and females and does not require excess NaCl to exert its influence. In the Sugiyama et al. study, D4Mit214 (17.9 cM) and D4Mit164 (28.6 cM) were associated with QTL peaks and D4Mit164 was found to be the best predictor of SBP. However, the more proximal marker, D4Mit214, is close to Bpq10 in the present study and D4Mit164 was outside our 1-LOD drop-off interval. Thus, the present data and those of Woo and Kurtz (74) support a more proximal chromosomal location for Bpq3 than that suggested by the analyses of Sugiyama et al. In any case, the possibility of multiple loci contributing to BP variation in this region of mouse Chr 4 cannot be dismissed (60) .
We used similar methods to those employed by Sugiyama et al., but Woo and Kurtz used a different protocol that only required warming of animals to 31°C. Thus, verification of this QTL in different laboratories and under different experimental conditions in our laboratory (see earlier discussion of stress during SBP 6,7 ) speaks to the stability of its influence on cardiovascular function.
Sex differences and SBP and HR QTL. In previous research with rats, sex specificity of BP QTL has been a pronounced feature of the genetic architecture (30) . In the present experiment, Bpq13, the suggestive QTL on Chr 3, was female specific, but the other BP QTL were independent of sex. However, B6 females (but not males) had faster HR than D2s (Table 1) , RI analyses revealed pronounced strain by sex interactions (Fig. 2) , and Hrq4 was specific to females with B6 as the increasing allele (Table 2) . Similar sex-specific findings are evident in studies of human BP. Both systolic and diastolic BP have been shown to be strongly sexually dimorphic yet only SBP manifested a significant sex interaction in heritability (72) .
As noted, analyses of RI data showed statistically significant strain by sex interactions for both cardiovascular indexes (Fig.  2) . Nevertheless, the finding that genetic correlations calculated across male/female strain means approximated r ϭ 0.6 for cardiovascular indices (Table 5) indicated that there was substantial communality of genes influencing cardiovascular function in males and females. RI data also revealed a significant negative genetic correlation between HR and SBP in both male and female mice. It is accepted that HR and cardiac output are not linearly related because stroke volume decreases with increasing HR, so a positive relationship between SBP and HR would not be expected. Nevertheless, the significant negative relationship between the two measures is intriguing The raw data for this correlation matrix are means of male (prefix "m") or female (prefix "f") groups for 22 BXD RI strains. HR in beats per min.
1 P Ͻ 0.05, 2 P Ͻ 0.01, 3 P Ͻ 0.001. and worthy of further dissection in attempts to understand genetic mechanisms of cardiovascular regulation (9) . QTL with sex-specific effects could be the result of hormonal effects on gene expression and regulation or other nongenetic factors associated with sex differences, providing additional criteria with which to evaluate candidate genes.
Two genes within the Hrq4 confidence interval (Cav1.1 and Rgs2) are worthy of consideration. Cav1.1 encodes an L-type calcium channel, may be expressed in cardiac tissues (54, 63) , and has the potential to be involved in cardiac excitationcontraction coupling (3). Estrogen is known to affect cardiac function (15, 57) possibly via its effect on L-type calcium channels (13, 15, 25) . Rgs2 (regulator of G protein signaling 2) has been linked to several cardiac phenotypes (18, 21, 44, 62, 64) . Perhaps relevant to the specific situation in which our measurements were obtained, Gross et al. (18) suggested that HR in Rgs2 knockout mice may be more sensitive to environmental stimuli, such as handling. Rgs2 also appears to be sensitive to sex-related hormones such as gonadatropin releasing hormone and oxytocin (34, 76) . While these background data enhance the plausibility of these two genes as candidates, the large number of genes within the interval needs to be remembered when considering their feasibility as realistic candidates.
Homology mapping. The identification of mouse QTL for BP parallels similar efforts in other organisms, particularly in the laboratory rat and in humans. One general goal of using the mouse as a model is that the genes underlying the QTL will correspond to homologous genes that also regulate BP in humans. This goal is shared by other investigators studying complex traits (45) and QTL mapping to homologous chromosomal regions in human and mouse have been found for diabetes (53) , HDL cholesterol (70), LDL cholesterol and triglycerides (71) , bone mineral density (26) , and atherosclerosis (69) . Such concordance has also been reported for hypertension (59, 60) . One murine SBP QTL identified here did show substantial overlap with a homologous region in a rat BP QTL, as well as with several human BP/hypertension QTL. The Chr 3 "suggestive" QTL (Bpq13) overlaps with several QTL on the homologous region of human Chr 3 (19, 43) . Bpq10 on Chr 4 at 5-26 cM overlaps with previously identified mouse QTL (Bpq3 and Abbp2), as well as with rat QTL Bp7,49,119 on rat Chr 5 and with a QTL reported for human systolic blood pressure on Chr 8 (42) . In previous comparative mapping, five out of six of the then known QTLs for human hypertension were correctly predicted based upon the location of rat QTLs (59) . However, a limitation of this approach is the imprecision of the location of the QTLs identified using low resolution genome scans. Further fine mapping of these QTL regions should allow for a more precise physical map location and improved homology mapping. In addition, genome-wide linkage studies of high BP and BP-related phenotypes in humans have now identified well over 100 hypertension-related QTLs across the genome (11) , thus the large number of loci may increase the likelihood of chance overlap with mouse QTL found here.
Conclusions
The QTL yield in the present study has been promising. Bpq10 on Chr 4 is concordant with Bpq3 previously identified by Sugiyama et al. (60) . A distinction has been made among the other suggestive and statistically significant QTL: several influenced SBP (Bpq10) and HR (Hrq4 and 5) throughout the seven measurement occasions, while others (Bpq 12 and 13) and Hrq7 were only identified after animals had been exposed to invasive stressors several weeks before measurement. We raise the possibility that stress-sensitive processes capable of influencing cardiovascular function may be affected by variation in relevant genes. Two of the QTL (Bpq13 and Hrq4) are demonstrable in females and not in males, and we briefly discuss two candidates within the Hrq4 locus with the potential to play a role in cardiac function and which may be plausibly influenced by hormones in a sex-specific manner.
